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Monomeric sarcosine oxidase: structure of a covalently
flavinylated amine oxidizing enzyme
Peter Trickey1, Mary Ann Wagner2, Marilyn Schuman Jorns2* 
and F Scott Mathews1*
Background: Monomeric sarcosine oxidases (MSOXs) are among the
simplest members of a recently recognized family of eukaryotic and
prokaryotic enzymes that catalyze similar oxidative reactions with various
secondary or tertiary amino acids and contain covalently bound flavins. Other
members of this family include heterotetrameric sarcosine oxidase,
N-methyltryptophan oxidase and pipecolate oxidase. Mammalian sarcosine
dehydrogenase and dimethylglycine dehydrogenase may be more distantly
related family members.
Results: The X-ray crystal structure of MSOX from Bacillus sp. B-0618,
expressed in Escherichia coli, has been solved at 2.0 Å resolution by
multiwavelength anomalous dispersion (MAD) from crystals of the
selenomethionine-substituted enzyme. Fourteen selenium sites, belonging to
two MSOX molecules in the asymmetric unit, were used for MAD phasing and
to define the local twofold symmetry axis for electron-density averaging. The
structures of the native enzyme and of two enzyme–inhibitor complexes were
also determined.
Conclusions: MSOX is a two-domain protein with an overall topology most
similar to that of D-amino acid oxidase, with which it shares 14% sequence
identity. The flavin ring is located in a very basic environment, making contact
with sidechains of arginine, lysine, histidine and the N-terminal end of a helix
dipole. The flavin is covalently attached through an 8α–S-cysteinyl linkage to
Cys315 of the catalytic domain. Covalent attachment is probably self-catalyzed
through interactions with the positive sidechains and the helix dipole. Substrate
binding is probably stabilized by hydrogen bonds between the substrate
carboxylate and two basic sidechains, Arg52 and Lys348, located above the 
re face of the flavin ring.
Introduction
Monomeric sarcosine oxidases (MSOXs) are among the
simplest members of a recently recognized family of
prokaryotic and eukaryotic enzymes that contain cova-
lently bound flavin and catalyze similar oxidation reactions
with various secondary or tertiary amino acids [1–3] (M
Eschenbrenner and MSJ, unpublished results; P Khanna
and MSJ, unpublished results). Other enzymes in this
family include heterotetrameric sarcosine oxidases
(TSOXs), N-methyltryptophan oxidase (MTOX) and
pipecolate oxidase (PIPOX). Dimethylglycine dehydroge-
nase (DMGDH) and sarcosine dehydrogenase (SDH) may
be more distantly related family members. Except for
TSOX, all are monomeric enzymes. MSOX shares ~40%
sequence identity with MTOX and ~30% identity with
PIPOX [2]. MSOX also exhibits ~20–25% sequence iden-
tity with the β subunit of TSOX [1] and with the N-termi-
nal half of rat liver DMGDH [4] and human SDH (M
Eschenbrenner and MSJ, unpublished results).
MSOX and TSOX are induced in various soil micro-
organisms upon growth with sarcosine as a source of
carbon and energy [5]. The Escherichia coli gene encoding
MTOX was isolated on the basis of sequence homology
with MSOX [3]. The physiological role of MTOX is
unknown. PIPOX plays an important role in brain
metabolism, where L-pipecolate is synthesized from
lysine and acts as a neuromodulator of the GABA recep-
tor complex [6,7]. SDH and DMGDH are mitochondrial
enzymes found in the liver that are involved in choline
and 1-carbon metabolism [8,9]. SDH is also a key compo-
nent in the glycine/sarcosine regulatory cycle [10]. 
MSOX from Bacillus sp. B-0618 has 386 residues, a mol-
ecular mass of 43.8 kDa, and an N-terminal ADP-binding
motif [11]. The enzyme contains 1 mol of flavin adenine
dinucleotide (FAD) that is bound covalently through an
8α–S-cysteinyl linkage to Cys315 (MAW and MSJ, unpub-
lished results). This cysteine residue is conserved in MSOXs
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from other bacteria, MTOX and PIPOX. MSOXs catalyze
the oxidation of sarcosine (N-methylglycine) by molecular
oxygen and water to form glycine, formaldehyde and hydro-
gen peroxide [5] (Equation 1).
CH3NHCH2COOH + O2 + H2O →
HCHO + NH2CH2COOH + H2O2 (1)
Formaldehyde formation is not suppressed in the pres-
ence of tetrahydrofolate [12], in contrast to TSOX,
DMGDH and SDH, which can catalyze the formation of
5,10-methylenetetrahydrofolate.
In this paper, we show that MSOX is a two-domain
protein with an overall topology that is most similar to
that of D-amino acid oxidase (DAAO). The flavin ring is
attached to Cys315 in the catalytic domain and located in a
very basic environment. Active-site residues th-at are
likely to bind sarcosine or to assist in its oxidation have
been tentatively identified on the basis of the structure of
MSOX–inhibitor complexes. These residues are conserved
in MSOX from other bacteria, MTOX, PIPOX and the
β subunit from TSOX.
Results
Structure determination
The crystal structure of MSOX from Bacillus sp. B-0618
was solved by multiple wavelength anomalous dispersion
(MAD) methods [13] at 2.0 Å resolution by the replacement
of the seven methionine residues with selenomethio-
nine; electrospray mass spectroscopy showed that all seven
methionines were fully substituted. The anomalous and
dispersive signals of the selenomethionine crystals were
used to identify 14 selenium sites belonging to two MSOX
molecules in the asymmetric unit of the monoclinic unit
cell (Table 1). These sites were located by difference Pat-
terson methods and used for MAD phasing and to define
the local twofold noncrystallographic symmetry (NCS) axis
for electron-density averaging. Twofold NCS averaging
332 Structure 1999, Vol 7 No 3
Table 1
Diffraction data, phasing statistics and model refinement.
Data set Native (Methylthio) Pyrrole-2- Edge Peak Low High
acetic acid carboxylic acid
Wavelength (Å) 1.54 1.54 1.54 0.9794 0.9792 1.0679 0.9392
Beam/detector R-Axis IV R-Axis II R-Axis IV APS/SBC APS/SBC APS/SBC APS/SBC
Observations 159,021 166,307 248,407 203,670 229,300 206,125 230,951
Reflections* 49,557 43,804 44,120 49,062 49,012 46,323 49,543
Completeness (%)† 98.6 (81.0) 88.4 (53.6) 89.1 (47.2) 96.9 (64.0) 98.0 (86.8) 92.5 (57.6) 98.4 (87.5)
RsymH (%)† 7.0 (19.4) 8.8 (25.0) 8.3 (33.0) 6.3 (14.0) 6.4 (14.7) 5.6 (15.5) 7.3 (46.5)
<I/σ(I)>† 11.9 (4.2) 10.3 (2.0) 13.4 (3.8) 10.4 (5.4) 9.7 (6.3) 10.3 (5.6) 5.7 (2.0)
Phasing power‡ (a/c) – – – 4.0/2.64 4.65/2.77 – 1.40/1.38
Rcullis § (a/c) – – – 0.38/0.42 0.42/0.50 – 0.98/1.0
Rcullis (anomalous) – – – 0.75 0.66 0.98 0.90
Refinement
R/Rfree (Fo > 2σ) (%) 18.0/25.3 19.4/24.4 22.3/27.3 20.3/24.8
Number of protein atoms 6122 6138 6142 6124
Number of solvents 206 183 185 232
Rmsd
Bond lengths (Å) 0.016 0.016 0.017 0.016
Bond angles (°) 3.02 3.08 3.17 3.00
Dihedral angles (°) 26.28 26.45 26.30 26.24
Improper torsions (°) 1.64 1.53 1.66 1.50
Rms ∆B (m/m, Å2)¶ 2.2 0.7 0.6 0.8
Rms ∆B (m/c, Å2)¶ 2.8 0.8 0.7 1.0
Rms ∆B (c/c, Å2)¶ 3.7 1.0 0.9 1.4
B factor
Mainchain (Å2) 25.04 20.66 23.43 21.45
Sidechain (Å2) 27.86 21.69 24.41 23.17
Solvent (Å2) 26.17 21.02 24.42 25.62
*Reflections including both pairs of Friedel-related reflections.
†Values in parentheses correspond to the outermost resolution shell
2.03–2.00 Å. †Rsym = Σ|I–< I >|/ Σ < I >, where I is the reflection
intensity and the summation is over all the equivalent measurements
including Friedel pairs. ‡Phasing power = < FH >/< E >, where < FH >
and < E > are the root mean square heavy-atom structure-factor and
lack of closure, respectively and a/c refers to acentric/centric
reflections. §Rcullis = Σ||FPH–FP|–FH||/Σ |FPH–FH|, where FPH, FP and FH
are the structure-factor amplitudes for the heavy-atom derivative, the
native protein and the heavy-atom contribution, respectively. ¶Rms
difference in B factor for bonded atoms; m/m, m/c and c/c represent
mainchain–mainchain, mainchain–sidechain and sidechain–sidechain
bonds, respectively.
improved the phases, producing a readily interpretable map
(Figure 1a). The structures of the native (sulfur-methion-
ine) protein and of two enzyme–inhibitor complexes of the
selenomethionine protein were then determined directly
by utilizing the refined selenomethionine coordinates for
refinement and model-building against the native and
inhibitor complex data at 2.0 Å resolution.
The final R factors of the native structure are R = 18.0% and
Rfree = 25.3%, with root mean square deviations (rmsds) in
bond lengths and angles of 0.016 Å and 3.02°, respectively.
The R factors and rmsds for the three selenomethionine
structures are similar to those of the native protein
(Table 1). In both subunits of all four structures, the model
is truncated at Gln385, because of the lack of electron
density for the four C-terminal residues. The average
B factors for mainchain and sidechain atoms are 25.0 Å2 and
27.9 Å2, respectively, for both subunits of the native MSOX
and are approximately the same for selenomethionine and
inhibitor structures (Table 1).
The refined model of MSOX has good geometry accord-
ing to the program PROCHECK [14]. More than 91% of
the amino acids are in the most favored region, and only
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Figure 1
Electron density and protein fold of MSOX.
(a) Solvent-flattened and twofold
noncrystallographic symmetry averaged MAD
electron density showing flavin and its
covalent attachment to Cys315 in the
selenomethionine structure. Residues Thr48
and Lys265 and four water molecules making
up a proton relay system are also indicated.
Water molecule 1 is hydrogen bonded to
flavin N(5), water molecule A to Thr48 OG
and to water molecules B and C, and water
molecule B to Gly263 O (not shown). Water
molecule C is most accessible to bulk solvent.
Water molecules A, B and C are also present
in the native and inhibitor-bound complexes of
MSOX. Contouring is at 1σ. The figure was
generated with the program TURBO-FRODO
[59]. (b) Stereoview ribbon diagram of MSOX
with the domains distinguished by color: blue,
the catalytic domain; red, the FAD-binding
domain. FAD is shown in yellow. The figure
was generated using the program
MOLSCRIPT [61] and rendered using
RASTER3D [62,63].
Asp47 (average φ = 74°, ψ = 50°) in both molecules lies
outside of the allowed regions. Asp47 fits the electron
density well and forms part of a long coil section between
residues 32 and 59 that starts in the FAD domain and ends
in the catalytic domain. A sharp turn at Gly46 presumably
results in the non-standard φ,ψ angles of Asp47. There is
one cis-proline per molecule (Pro38), which is also in good
electron density and is also located in the long coil section
between residues 32 and 59. 
The final native (sulfur-methionine) structure refinement
was performed without NCS restraints in order to deter-
mine the differences between the two molecules. The
rmsd between the Cα atoms of the two molecules in the
asymmetric unit in the unrestrained refinement is 0.3 Å,
indicating that they are effectively equivalent, and so no
distinction will be made between them in this article.
Because of the lack of significant difference between the
two molecules in the native structure, weak NCS restraints
were maintained in the three selenomethionine structure
refinements, giving an average rmsd between the two mol-
ecules in each of the asymmetric units of 0.1 Å.
Description of the structure
MSOX is a two-domain protein of the flavoenzyme struc-
tural class first observed in p-hydroxybenzoate hydroxy-
lase (PHBH) [15] (Figures 1b,2a); its folding topology is
shown in Figure 2b. One domain contains a ‘classic’ FAD-
binding motif that is common to the PHBH class and to
the glutathione reductase (GR) [16] class of flavoproteins.
In MSOX, this motif consists of a five-stranded parallel
β sheet flanked on one side by two α helices, αF1 and αF2,
preceding strands βF2 and βF3 of the sheet respectively,
and by a three-stranded antiparallel β sheet (a ‘β meander’,
strands βF4–βF6) on the other side of the sheet preceding
strand βF7. A third and fourth helix (αF3 and αF4) are
packed on either side of the sheet near strands βF8 and
βF9. The FAD-binding motif is interrupted twice by excur-
sions into domain 2, the ‘catalytic’ domain, a two-part,
eight-stranded and mostly antiparallel β sheet. One part
interrupts the flavin-binding motif` between strands βF2
and βF3 and comprises three antiparallel β strands (βC1–
βC3) interspersed with three α helices. The other part
interrupts the motif between strands βF7 and βF9 and
comprises five antiparallel β strands (βC4–βC8) and one
α helix. The two-part nature of domain 2 is characteristic
of the PHBH flavoprotein class. In the GR flavoprotein
class, the second domain, a dinucleotide-binding domain
closely resembling the FAD-binding domain, occurs as a
single excursion interrupting the FAD-binding domain
between β strands four and five.
The PHBH class of FAD-binding proteins contains six
members whose structures have been determined: PHBH,
MSOX, DAAO [17,18], cholesterol oxidase [19], glucose
oxidase [20] and phenol hydroxylase [21]. Comparing MSOX
with these other family members using the program
DALI [22] indicates that MSOX is most similar to DAAO
(Figure 2c; 14% sequence identity in 311 equivalent
residues, rmsd = 3.1 Å for Cα positions), and that these two
proteins form a subfamily of the PHBH structural class.
Interestingly, DAAO is the one flavoprotein of the classic
FAD-binding motif that lacks the characteristic β meander.
Flavin environment
FAD is bound to MSOX in a manner similar to that of
other members of the PHBH class of flavoenzymes, in
particular to DAAO. It is in an extended conformation and
is almost totally isolated from bulk solvent; this includes
the adenosine portion of the molecule which is partially
exposed to bulk solvent in many FAD-containing flavo-
enzymes. The covalent, hydrogen-bonding and electrosta-
tic interactions made by FAD in the enzyme are indicated
in Figure 3. These include one covalent bond, 28 hydro-
gen bonds, of which eight are to solvent molecules, and
two helix dipoles. One of the helix dipoles, at the N termi-
nus of αF4, points toward the N(1)–O(2) portion of the
flavin ring; the other dipole, at the N terminus of αF1,
points toward the pyrophosphate group of FAD. Both of
these helix dipole interactions are found in all members of
the PHBH and GR classes of FAD-binding proteins, both
classes sharing the same FAD dinucleotide-binding motif.
The αF1 helix serves to partially neutralize the double-
negative charge on the pyrophosphate group and the αF4
helix helps to stabilize the electrophilic character of the
flavin ring and the anionic forms of the hydroquinone and
semiquinone. The latter may also help promote covalent
flavinylation of certain members of these two flavoprotein
classes (see the Discussion section).
There are several notable interactions that distinguish the
environment of FAD in MSOX from that in DAAO (the
FAD-containing enzyme that is most closely related to
MSOX) and give the FAD environment a distinctively basic
character (Figure 4a). The flavin O(2) of MSOX is hydro-
gen bonded to a lysine sidechain (Lys348) and the ribityl
hydroxyl O(2*) is linked to the sidechain of Arg49 (Figure
3). In DAAO, O(2) is hydrogen bonded to a threonine
sidechain and O(2*) has no ligand. In MSOX, Arg49 is situ-
ated below the flavin ring (on the si face) and its sidechain
is in van der Waals contact with the flavin ring (Figure 1a).
The N(5) atom of the flavin ring is hydrogen bonded to two
water molecules. One of these (on the re face) is displaced
upon binding of inhibitors (vide infra). The other (on the si
face) is not displaced. It appears to be part of a proton relay
system (PRS) that extends from N(5) of FAD to the protein
surface above the si face of the flavin ring via a network of
hydrogen bonded components. The PRS involves Thr48,
Lys265 and four water molecules. Water molecule 1 is
hydrogen bonded to flavin N(5), the carbonyl oxygen of
Thr48 and the ε-amino group of Lys265 (Figure 1a). The
other three water molecules are accessible to bulk solvent.
334 Structure 1999, Vol 7 No 3
Research Article  Structure of monomeric sarcosine oxidase Trickey et al.    335
Figure 2
Protein fold and topology of MSOX.
(a) Stereoview Cα trace of one molecule of
the MSOX structure. Every tenth Cα atom is
labeled. The figure was generated with
TURBO-FRODO [59]. (b) A topological
diagram of the MSOX structure; β strands are
shown as arrows and α helices as rectangles.
The strands and helices are colored as in
Figure 1b and labeled F for FAD-binding
domain and C for catalytic domain; their
starting and ending residues are indicated, as
is the covalent flavin attachment site, C315.
(c) A stereo plot of the superposition of Cα
traces of DAAO (dark blue) and MSOX
(green). The position of the β meander,
present in MSOX but absent in DAAO, is
indicated by an arrow. The figure was
generated using MOLSCRIPT [61] and
rendered using RASTER3D [62,63].
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Structure
In DAAO there is no PRS because N(5) is hydrogen
bonded to a peptide amide group and the si face of the
flavin ring is in van der Waals contact with a polypeptide
chain. In MSOX, O(3*) of the ribityl sugar is in contact with
a peptide amide group and a solvent molecule. In DAAO,
O(3*) forms a hydrogen bond with a peptide carbonyl. In
both proteins, the remainder of the FAD atoms, from O(4*)
to the adenine ring, make very similar protein contacts.
There are no acidic residues in the region surrounding
the isoalloxazine ring, only neutral or basic residues
(His45, His269, His345, Lys265, Lys348, Arg49 and
Arg52) (Figure 4b). His45 ND1 is 4.7 Å from Cys315 SG
and 6.5 Å from the 8α-methyl covalent attachment site. In
addition to the basic residues, there are a number of tyro-
sine residues near the flavin ring (Tyr55, Tyr61, Tyr254
and Tyr317). The highly basic nature of the environment of
the flavin ring in MSOX is unusual among flavoproteins.
The sea of nearby positive residues and the positive end of
the αF4 helix dipole, which starts at Phe347, may cause a
positive shift in the flavin redox potential. Although it has
not yet been measured directly, the redox potential of the
flavin in MSOX is likely to be high because it is reducible
with thiols (MAW and MSJ, unpublished results), a feature
observed with high potential flavins in model studies [23].
Inhibitor-bound structures
(Methylthio)acetic acid (MTA) and pyrrole-2-carboxylic
acid (PCA) are both competitive inhibitors of MSOX
(Kd = 2.6 mM and 1.3 mM, respectively; MAW and MSJ,
unpublished results). Both inhibitors also form charge trans-
fer species with MSOX, presumably due to the close prox-
imity of the electron-rich sulfur of MTA or the conjugated
pyrrole ring of PCA to the electron-accepting flavin ring.
The charge transfer band of the MTA complex is intense
(λmax = 532 nm, ε532 = 6.9 × 103 M–1 cm–1) and gives the
protein a pink color; the charge transfer band of the
PCA complex is about one-third as intense (λmax = 608 nm,
ε608 = 2.1 × 103 M–1 cm–1).
Crystals of MSOX were soaked in the presence of the
inhibitors in order to determine their binding mode and to
gain insight into the binding of the substrate, sarcosine.
Crystals of the selenomethionine-substituted enzyme were
used due to a scarcity of crystals of the native enzyme.
Inhibitor concentrations that were about sevenfold in
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Figure 3
Protein and solvent interactions of FAD. A
schematic representation of the FAD–MSOX
interactions in the native structure, identifying
residues involved in hydrogen bonding to the
cofactor. Sidechain interactions are labeled in
yellow and water molecules in blue. The
locations of two helices that form electrostatic
interactions with FAD are indicated in red.
Distances are indicated in Ångstroms.
excess of their Kd were used (see Materials and methods
section). The MTA-treated crystals became pink in color
but the PCA-treated crystals remained yellow. The
selenomethionine form of the inhibitor-bound enzyme
was found to be spectrally indistinguishable from the
native enzyme and exhibited similar Kd values for PCA
and MTA. Difference Fourier analysis of the inhibitor-
bound crystals, followed by simulated annealing refine-
ment and model building, led to the unambiguous
placement of the inhibitors in the active site.
Both inhibitors are bound to the re face of the flavin ring,
with one carboxylate oxygen hydrogen bonded to the side-
chain of Lys348. On binding of the inhibitors, four solvent
molecules are displaced, and the sidechain of Arg52 moves
into the active site forming a second hydrogen bond with
the inhibitor carboxylates (Figure 5a). The movement of
Arg52 displaces a fifth solvent molecule and a new solvent
molecule occupies the position vacated by Arg52. This
movement also induces a large motion of a loop region
consisting of residues Gly56 to Glu60 that results in the
movement of Glu57 into the active site and in the forma-
tion of a hydrogen bond between its sidechain and that of
Arg52, preventing additional solvent from accessing the
active site. The movement of the loop breaks a hydrogen
bond between Arg59 O and Tyr61 N, but two new hydro-
gen bonds are formed. The sidechain of the surface
residue Glu103 moves into a hydrogen-bonding position
with the mainchain of Arg59, and the sidechain of Arg59
flips over also to form a hydrogen bond with Glu103.
Glu60 moves across to occupy the space vacated by the
mainchain of Gly58 and Arg59. 
The residues adjacent to the loop, Tyr55 and Tyr61, are
anchored into positions that are almost identical to those
in the native structure by steric restraints in the active site
and by hydrogen bonds to His345 and Lys348, and to
His324, respectively. In the native structure, this loop
region is disordered, with its atoms having high B factors
(>50 Å2) and lying in weak electron density. The loop
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Figure 4
Protein surface potential and environment of
FAD. (a) A molecular surface drawing of
native MSOX colored according to
electrostatic potential (blue, positive; red,
negative), showing the cleft to the active site.
The figure was generated with GRASP [64].
(b) A stereo plot of the flavin environment.
Three basic sidechains (His45, Arg49 and
Lys265) lie below the flavin ring, on the si
face, and four (Arg52, His345, His269 and
Lys348) are above the ring, on the re face.
Water molecules 1 and 2 are hydrogen
bonded to the flavin N5. There are also four
tyrosine sidechains (Tyr55, Tyr61, Tyr254 and
Tyr317) and five water molecules (waters
2–6) located above the flavin ring. The latter
are displaced by binding of the inhibitors
(methylthio)acetic acid (MTA) and pyrrole-2-
carboxylic acid (PCA). The figure was
generated with TURBO-FRODO [59].
forms part of the cleft leading from the surface to the
active site of the enzyme. The flexibility of this loop
region might aid substrate binding and product release.
In the inhibitor structures, this loop is well ordered with
normal B factors (<35 Å2) and strong electron density. The
movement of this loop in the inhibitor-bound complexes
is accompanied by the shielding of the positive molecular
surface potential at the FAD site exhibited by the native
enzyme (Figure 4a). This suggests that Arg52 and the loop
region from residues Gly56 to Glu60 acts as a switch for
the active site in which the loop is flexible in the absence
of substrate and then, when Arg52 coordinates to the sub-
strate, the loop is locked into a fixed conformation.
The interaction of MTA and PCA with the active site of
MSOX is shown in Figure 5b. PCA is nearly planar and lies
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Figure 5
Diagrams showing the conformational change
and active-site environments of the inhibitor-
soaked crystals. (a) Stereo plot of the active
site showing the conformational change that
occurs on binding the inhibitor PCA. The
native structure is shown in atomic colors (C,
yellow; O, red; N, blue; S, green) and the
PCA-bound structure is in violet. The largest
structural changes occur for the mainchain
and sidechain of the loop residues between
Tyr55 and Tyr61 and the sidechain of Arg52
(see text). Water sites 1, 6 and 1′, 6′ are
alternate sites in the native and inhibitor-
bound structures, respectively. The sites for
water 6 and Arg52 exchange positions on
binding PCA. The numbering scheme for PCA
is indicated, atoms 1–5 being carbon, atom 6
the pyrrole nitrogen and atoms 7 and 8 the
carboxylate oxygens. The figure was
generated with TURBO-FRODO [59].
(b) Stereo plot of the active site comparing
the binding of the two inhibitors, PCA and
MTA, bound above the re face of the flavin
ring. The numbering scheme for MTA is
CH3(4)-S(3)-CH2(2)-C(1)O2(5,6)–; O(6) is
hydrogen bonded to both Lys348 and Arg52
whereas O(5) is hydrogen bonded only to
Arg52. See Figure 5a for the PCA numbering
scheme. The figure was generated with
TURBO-FRODO [59].
parallel to the plane of the flavin ring, with its pyrrole ring
about 3.1 Å above atoms O(4), C(4), C(4a) and N(5) of the
flavin ring. PCA interacts with the protein in three places:
one carboxylate oxygen (O(8), see numbering scheme in
Figure 5a) is hydrogen bonded to Lys348 NZ (2.7 Å) and
to Arg52 NH1 (3.2 Å); the other carboxylate oxygen (O(7))
is hydrogen bonded to Arg52 NH1 (2.9 Å); the pyrrole
nitrogen (N(6)) is hydrogen bonded to the carbonyl oxygen
Gly344 O (2.7 Å). Interestingly, the amino group of o-amino-
benzoate (OAB), a substrate analog of DAAO, forms a
hydrogen bond in the DAAO–OAB complex to the car-
bonyl oxygen of Gly313, which is located in an equivalent
position to Gly344 of MSOX [24]. MTA is less planar than
PCA, with atoms C(2), S(3) and C(4) about 3.1–3.2 Å above
the flavin ring atoms O(4), C(4), C(4a) and N(5). The car-
boxylate of MTA is shifted somewhat from that of PCA so
that one oxygen (O(6), see numbering scheme in the legend
to Figure 5b) is hydrogen bonded to both Lys348 NZ and
Arg52 NH1 (2.9 Å each) and the other (O(5)) is farther from
Arg52 NH1 (3.3 Å). The sulfur atom is incapable of forming
a hydrogen bond to Gly344 O and is 3.1 Å from it.
The two inhibitor complexes reveal a significant deviation
in their modes of binding, as shown by the superposition of
their active sites (Figure 5b). The PCA inhibitor probably
provides a better model for binding the sarcosine substrate
of MSOX than MTA. Sarcosine would be likely to form the
same three interactions with the protein as PCA and its
binding can be simulated simply by deleting atoms C(3)
and C(4) of the pyrrole ring. Although MTA has the same
number of atoms as sarcosine, the greater sulfur-to-carbon
bond distance (1.8 Å), tighter bond angle at the sulfur (94°)
and inertness of the sulfur atom make it a poorer model for
the substrate. The absence of a hydrogen bond between
Gly344 and MTA allows the inhibitor more freedom in the
active site that is revealed in the different geometry of the
hydrogen bonds formed by the carboxylate group.
The close stacking (~3 Å) of the MTA sulfur atom and the
PCA pyrrole ring over the O(4), C(4), C(4A) and N(5)
portion of the flavin ring probably promotes the strong
electronic interactions between the groups involved in the
charge transfer interactions. Similar interactions occur
between DAAO and OAB, which also form a charge trans-
fer complex [24]. In the latter case, the plane of the
benzene ring is parallel to the flavin ring plane and about
3–3.2 Å above it, with the amino nitrogen lying above
the C(4)–C(4a) bond, thereby facilitating orbital overlap
between unoccupied pi-orbitals of the flavin ring and occu-
pied pi-orbitals of the OAB.
The inhibitors bind to MSOX facing the opposite direction
from that observed for the benzoate inhibitors in DAAO
[17,24]. The carboxylate of the benzoate in DAAO is hydro-
gen bonded to arginine and tyrosine sidechains that struc-
turally align with Tyr317 and Tyr254, respectively, in
MSOX. Although the two tyrosine residues in MSOX seem
capable of binding inhibitor or substrate, Arg52 and Lys348
create a better binding site that structurally aligns with a
glutamine and a threonine, respectively, in DAAO. This
illustrates the divergence in the mode of catalytic activity of
these two structurally related enzymes.
The pyrrole nitrogen of PCA and the sulfur of MTA, which
both correspond to the nitrogen of the substrate, are posi-
tioned above C(4a) of the flavin ring. The methyl of MTA
and the corresponding C(5) atom of PCA are positioned
over N(5) of the flavin and close to His269 (3.3–3.7 Å) indi-
cating that this histidine is a likely candidate for an active-
site base. DAAO contains no basic residues in its active site.
Discussion
Enzyme catalysis
A hydrogen atom abstraction mechanism involving an
amino acid radical as H• acceptor [25] can be ruled out for
MSOX, as judged by electron paramagnetic resonance
studies with the resting enzyme (R Hille and MSJ, unpub-
lished results). Based on (bio)chemical precedent, sarcosine
oxidation by MSOX may occur via a single electron transfer
mechanism, a polar mechanism involving a covalent flavin-
substrate 4a-adduct or a hydride transfer [26–30]. All three
mechanisms are compatible with a model for the MSOX–
sarcosine complex based on the structural data obtained for
the MSOX–inhibitor complexes (see Figure 5b), even the
latter two mechanisms, which have significant geometric
constraints. Thus, the methyl group of sarcosine is pre-
dicted to be directly above N(5) of the flavin ring, suitably
positioned for hydride transfer. Similarly, the amine nitro-
gen of sarcosine would be positioned above C(4a) of the
flavin, as required for adduct formation in the polar mecha-
nism (see Scheme 1 in Figure 6a). A water molecule near
the si face of the flavin ring that forms a hydrogen bond to
N(5) (3.0 Å), in conjunction with the putative PRS (see
Figure 1a), could act as the general acid required for adduct
formation (the next closest proton donor, the hydroxyl
group of Tyr254, is 4.4–4.8 Å from N(5)). His269 is appro-
priately positioned to act as the base in the second step of
the polar mechanism when the adduct must lose a proton
from the substrate N-methyl group and undergo concomi-
tant rearrangement to yield dihydroFAD and iminium
product. In the single electron transfer mechanism (see
Scheme 2 in Figure 6b), one electron transfer from the sub-
strate amino group generates a flavin anion–amine cation
radical pair. His269 could act as the base in the second step
of the single electron transfer mechanism, abstracting a
proton from the amine radical cation (pKa ~ 8–10 [31,32])
to yield a carbon-centered radical. The carbon-centered
radical undergoes a second one-electron transfer, forming
iminium product and flavohydroquinone in a step that
requires proton transfer to N(5). The water molecule near
N(5) could act as the immediate proton donor and then
accept a replacement proton from the PRS. 
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Covalent flavinylation
The precise steps in the biosynthesis of flavoenzymes
containing covalently bound flavin remain unknown but
are likely to involve initial interaction of FAD with the
apoprotein to yield a noncovalent intermediate, followed
by covalent attachment in an apparently autocatalytic
reaction [33–39]. By analogy with the mechanisms postu-
lated for the covalent attachment of histidyl and tyrosyl
residues to the 8α-methyl group of FAD in 6-hydroxy-D-
nicotine oxidase and p-cresol methylhydroxylase (PCMH),
respectively [36,37], one can envision that covalent flavinyl-
ation of MSOX occurs via initial flavin tautomerization to
yield an electrophilic iminoquinone methide (Scheme III,
Figure 7). The ε-amino group of Lys348 in MSOX is 2.8 Å
from the C(2) carbonyl oxygen of the isoalloxazine ring.
The positive end of a helix dipole (αF4) also points
toward the same carbonyl oxygen. Both are ideally posi-
tioned to facilitate the development of negative charge at
the N(1)–C(2) = O(2) locus during tautomerization. In a
second step, the nucleophilic addition of Cys315 thiolate
to the flavin iminoquinone methide generates the (8α–
S-cysteinyl)-1,5-dihydroFAD anion. A base is needed to
act as a proton acceptor from the 8α-methyl group of
FAD during tautomerization and possibly to generate the
reactive thiolate form of Cys315. Alternatively, the thio-
late form of Cys315 may be stabilized by ion-pair forma-
tion with the nearby (3.8 Å) guanidinium group of Arg49.
The closest base, His45, is nearer to the sulfur of Cys315
(4.7 Å) than the 8α-methyl group of FAD (6.5 Å). Given
this scenario, the Cys315 thiolate may extract one of the
protons from the 8α-methyl group and then transfer the
proton to His45. It is also conceivable that His45 might
be closer to the 8α-methyl group prior to covalent cou-
pling. The water molecule that forms a hydrogen bond to
N(5), in conjunction with the putative PRS (see
Figure 1a), or Tyr254 could act as the proton donor
during formation of the reduced covalent flavin. In the
final step, the latter is oxidized by molecular oxygen. 
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Figure 6
Possible mechanisms for sarcosine oxidation.
The polar and single electron transfer
mechanisms are shown in (a) Scheme I and
(b) Scheme II, respectively. The hydride
transfer mechanism is not shown.
(a)
(b)
Structure
In addition to MSOX, four structures are known for
enzymes with covalently bound flavin: PCMH [37]; vanil-
lyl-alcohol oxidase (VAO) [40]; flavocytochrome c sulfide
reductase (FCSD) [41]; and trimethylamine dehydroge-
nase (TMADH) [35]. All are flavinylated at the 8α posi-
tion of the flavin except for TMADH. The mechanism
proposed for covalent flavinylation of TMADH at C(6)
[35], however, is similar to that envisioned for attachment
at the 8α position. As observed for MSOX, these four pro-
teins have centers of strong positive charge (helix dipole
or a positive sidechain) near the flavin O(2) that could
facilitate flavin tautomerization, except that both ele-
ments are present in MSOX (Table 2). The closest poten-
tial donors for protonation of N(5) are acidic sidechains in
PCMH, VAO and FCSD (~3.5–5 Å) or a peptide amide in
TMADH (3.9 Å) versus a water molecule (3.0 Å) and the
PRS or Tyr254 (4.5 Å) in MSOX. None of the five pro-
teins contains a nearby (≤ 4.8 Å) basic sidechain that could
more effectively abstract a proton from flavin C(8α) or
C(6), as compared with the attacking protein sidechain
itself which forms the covalent bond (Table 2). For removal
of a proton from the attacking protein nucleophile, there
are potential active-site bases 4.4–5.6 Å from the sidechain
in all five proteins. In addition, there is a nearby arginine
in FCSD (Arg168) that could help stabilize the deproto-
nated form of attacking cysteine sidechain, similar to the
role suggested for Arg49 in MSOX. It should be noted that
the distances presented in Table 2 apply to the covalently
flavinylated proteins and that the conformations of their
precursors may differ.
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Table 2
Electrostatic and/or sidechain interactions at various sites on the flavin ring that may be important for covalent flavinylation.
Protein N1/O2 locus (Å) N5 (Å) Flavin C8α or C6 atom (Å)*† Protein ligand atom (Å)†
MSOX Lys348–O2 (2.8) Tyr254 (4.5) His45 ND1–C8α (6.5) His45 ND1–Cys315 SG (4.7)
and helix dipole and proton relay system
FCSD Helix dipole only Glu167 (4.8) Arg168 NH1–C8α (5.5) Arg168 NH1–Cys42 SG (5.1)
PCMH Arg near O2 (3.0) Glu380 (4.0) Asp440 OD1–C8α (6.0) Asp440 OD1–Tyr384 OH (5.2)
VAO Arg near O2 (2.7) Asp170 (3.4) His61 ND1–C8α (5.2) His61 ND1–His422 NE2 (4.4)
TMADH Arg222 O2 (2.7) Cys30 amide (2.9) His29 ND1–C6 (4.8) His29 ND1–Cys30 SG (5.6)
*These possible active-site bases do not include the covalent nucleophile. †The distances reflect the protein conformation in the covalently
flavinylated form.
Figure 7
Structure
Proposed mechanism for covalent flavinylation in MSOX (Scheme III).
Homology of MSOX with other amine oxidoreductases
The closest homologs of MSOX are MTOX (42 kDa) from
E. coli and mammalian PIPOX (44 kDa) as judged by
overall sequence identity (43% and 30%, respectively) and
by the conservation of residues at or near the active site
(see Figure 8). Despite this similarity, sarcosine is a very
poor substrate for MTOX, which exhibits a preference for
aromatic or large aliphatic N-methyl amino acids [3] (P
Khanna and MSJ, unpublished results). Structural and
sequence data suggest that substitution of only one or two
active-site residues (e.g. Met245 in MSOX → Thr238 in
MTOX) may account for the observed difference in
substrate specificity of MSOX and MTOX. MTOX and
PIPOX contain a conserved cysteine that aligns with the
covalent flavin attachment site in MSOX. Although the
nature of the covalent flavin in PIPOX is unknown,
MTOX has recently been found to contain 8α–(S-cys-
teinyl)FAD (MAW, P Khanna and MSJ, unpublished
results). The observed homology of MTOX and PIPOX
with MSOX suggests that these enzymes will exhibit both
structural and mechanistic similarity to MSOX.
Similar to MSOXs, TSOXs are inducible bacterial enzymes
but are the most complicated members of this family.
TSOXs contain noncovalently bound FAD and NAD+ and
covalently bound flavin mononucleotide (FMN) (8α–(N3-
histidyl)FMN) that is attached to a histidyl residue in the
β subunit (βTSOX; 44 kDa) [1,42–44]. βTSOX exhibits
modest sequence homology (23% identity) with MSOX.
Despite the modest sequence homology, all of the residues
implicated in MSOX catalysis are conserved in βTSOX,
including the two residues that bind the substrate carboxy-
late (Figure 8). The observed conservation of putative cat-
alytic residues in βTSOX strongly suggests that this subunit
binds FAD. This deduction is consistent with the presence
of a single binding site for sarcosine near FAD that serves as
the input site for electrons [45] and other observations that
indicate that the covalent FMN is bound at an interface
between βTSOX and another subunit (M Eschenbrenner
and MSJ, unpublished results). The covalent FMN attach-
ment site in βTSOX aligns with Ser149 in MSOX (Figure 8).
The hydroxyl group of Ser149 in MSOX is located in a
small depression on the protein surface, above the si face of
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Figure 8
Multiple sequence alignment of MSOX from various sources —
Bacillus sp. B-0618 (MSOX0618); Arthrobacter TE-1826
(MSOXarth); Bacillus sp. NS-129 (MSOXs129); Streptomyces sp.
KB210-8SY (MSOXstre) — plus MTOX from E. coli, PIPOX from
rabbit and the β subunit of TSOX from Corynebacterium sp. P-1
(betaTSOX). The covalent flavin attachment site in MSOX0618 is
marked by an asterisk. The histidine and serine in MSOX0618 that
align with the histidine covalent flavin attachment sites in SDH and
betaTSOX are marked by a filled circle and an open circle,
respectively. Putative catalytic residues in MSOX0618 are marked by
open squares.
the FAD ring and about 8 Å from N(5). This places Ser149
on the side of the protein just opposite to the entry channel
leading to the substrate-binding cavity on the re face of the
FAD ring. 
SDH (100 kDa) is a monomeric, mitochondrial matrix
protein containing covalently bound FAD (8α–(N3-his-
tidyl)FAD) [46,47]. The putative covalent flavin attach-
ment site in human SDH (His108) is located in the
N-terminal half of the protein (M Eschenbrenner and
MSJ, unpublished results), a region that exhibits modest
sequence homology with MSOX (20% identity) and
βTSOX (25% identity). SDH exhibits 35% identity with
DMGDH, a very similar mitochondrial enzyme [4,8,9,
46–48] (M Eschenbrenner and MSJ, unpublished results).
His108 in human SDH and the known covalent flavin
attachment site in DMGDH [4] align with a conserved
histidine in MSOX (His45), MTOX and PIPOX. His45
in MSOX is spatially near the covalent flavin attachment
site at Cys315 and may play a role in covalent flavinyla-
tion (Scheme III, Figure 7). None of the residues in
MSOX that are likely to bind sarcosine or participate in
its oxidation, however, is conserved in SDH, whereas all
are conserved in βTSOX. Structural and biochemical char-
acterization of SDH and DMGDH are needed to clarify
their relationship to MSOX and other more closely related
members of this amine oxidoreductase family.
Biological implications
The crystal structure of monomeric sarcosine oxidase
(MSOX) reported in this paper is the first structure for
any member of a recently recognized family of bacterial
and mammalian enzymes that oxidize secondary or ter-
tiary amino acids and contain covalently bound flavin.
The structure of free MSOX and the enzyme–inhibitor
complexes provide insight into the possible mechanism of
covalent flavin attachment and sarcosine oxidation,
respectively. MSOX is unique among known flavopro-
tein structures because of its highly basic flavin environ-
ment, a feature likely to raise the flavin redox potential.
The electropositive flavin environment in MSOX is
opposite to that found in flavodoxin, where the redox
potential of the neutral flavin radical/hydroquinone
anion is very low owing, in part, to unfavorable electro-
static interactions between the flavin hydroquinone
anion and the surrounding acidic residues [49–51].
The structure of MSOX is likely to provide a paradigm
for other members of this amine oxidoreductase family.
Pipecolate oxidase (PIPOX) and N-methyltryptophan
oxidase (MTOX) are likely to exhibit close structural
and mechanistic similarity to MSOX and contain  flavin
adenine dinucleotide (FAD) covalently attached to a
cysteine residue near the C terminus. The β subunit of
heterotetrameric sarcosine oxidase (TSOX) is likely to
contain sites for the noncovalent binding of FAD and
sarcosine and exhibit overall structural homology with
MSOX, PIPOX and MTOX. Significant differences are
expected, however, in the details of the FAD environ-
ment in TSOX and the mechanism of oxygen reduction,
which involves interflavin electron transfer to a cova-
lently bound flavin mononucleotide (FMN) that proba-
bly lies at the interface between the β subunit of TSOX
and another subunit.
Although MSOX and mammalian monoamine oxidase
do not exhibit sequence homology, these enzymes cat-
alyze similar amine oxidation reactions, contain an
N-terminal ADP-binding motif and a C-terminal attach-
ment site for 8α–S-cysteinyl FAD. The mechanism of
covalent flavin attachment in MSOX may provide a
model for the reaction with monoamine oxidase for
which no structural data are available.
Materials and methods
Enzyme preparation
Details of enzyme expression and isolation will be described elsewhere.
Briefly, MSOX from Bacillus sp. B-0618 [11] was expressed under the
control of the lac promoter in E. coli DH1 or E. coli DL41 (a methionine-
dependent strain), for the preparation of unsubstituted or selenomethion-
ine-substituted enzyme, respectively. Cells were transformed using
plasmid pMAW, a derivative of pOXI103, which was a gift from Masanori
Sugiyama (Institute of Pharmaceutical Sciences, Faculty of Medicine,
Hiroshima University). Transformed E. coli DL41 cells were grown in the
presence of selenomethionine, similar to the conditions described by
Yang et al. [52]. MSOX was purified from crude cell lysates by ammo-
nium sulfate fractionation and ion exchange chromatography.
Crystallization and data collection
Crystals of native and selenomethionine MSOX were obtained by
hanging or sitting-drop vapor diffusion methods at 25°C, by mixing equal
volumes of the protein solution (7 mg/ml in 20 mM Tris buffer, pH 8.0)
and a reservoir containing 2.1 M Na/K phosphate buffer, pH 6.7. The
native crystals are monoclinic, space group P21, with cell dimensions
a = 72.6 Å, b = 69.6 Å, c = 74.1 Å and β = 94.3°. The selenomethionine
crystals are isomorphous with the native, with mean changes in cell para-
meters of 0.1%. The crystals were frozen after brief exposure to a cry-
oprotecting solution containing 2.1 M Na/K phosphate buffer (pH 6.7)
and 25% (v/v) glycerol.
MAD data were collected at beamline 19ID at the Advanced Photon
Source, Argonne, IL. Data processing was carried out using the HKL
package [53]. All MAD data were collected from a single selenomethio-
nine MSOX crystal, which was frozen at 100K. Data sets were collected
at four wavelengths at or near the K absorption edge of selenium
(Table 1). Wavelengths were selected on the basis of an X-ray fluores-
cence spectrum collected directly from the crystal: edge (0.9794 Å)
was optimized for f′; peak (0.9792 Å) was at maximal f′′; low (1.0679 Å)
and high (0.9392 Å) were recorded to obtain the dispersive differences.
Because of the alignment of the crystal in the cryo-loop, an inverse
beam experiment was performed in which, at each energy, data were
recorded over a range of Omega at Chi = 0, Kappa = 0 and fixed
Phi and again at Phi+80.
After the structure was solved, the following 2.0 Å resolution data sets
were collected at 100K on laboratory X-ray sources: a native data set
with an R-AxisIV image plate system; a selenomethionine crystal soaked
in (methylthio)acetic acid (20 mM for 1.5 h) with an R-AxisII image plate
system and a selenomethionine crystal soaked in pyrrole-2-carboxylic
acid (10 mM for 1 h) with an R-AxisIV image plate system. The isomor-
phous crystals showed mean changes in cell parameters of 0.3% and
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maximum changes of 0.5%. All data sets were processed using the
program DENZO/SCALEPACK [53]. Statistics of the data collections
are shown in Table 1.
MAD analysis
The MAD data were combined with the program MADMRG [54] and
analyzed using HEAVY and SOLVE [55,56]. From Patterson maps calcu-
lated with the anomalous differences and with the dispersive differences,
14 selenium sites were found in the asymmetric unit, indicating the pres-
ence of two molecules per asymmetric unit. Visual analysis of the heavy-
atom coordinates revealed the presence of a local twofold axis that is
approximately parallel to the crystallographic b axis relating the two mol-
ecules in the asymmetric unit. This allowed us to establish the NCS oper-
ator relating the two molecules using the program LSQKAB [57].
The selenium parameters were refined with the maximum-likelihood
program SHARP [58], and solvent flattened using a solvent content of
42%. The resulting electron-density map was averaged about the NCS
twofold axis with further solvent flattening, using DM [57]. Masks were cal-
culated with NCSMASK [57]. The final figure of merit was 0.92 to 2.0 Å.
The quality of the experimental map was exceptionally good as expected
from the phasing statistics (Figure 1a). All mainchain and sidechains
except for a few terminal residues could readily be modeled in the elec-
tron density, using the program TURBO [59].
Refinement and quality of the models
The selenomethionine MSOX model was subjected to simulated anneal-
ing refinement with X-PLOR [60], using tightly restrained NCS. This was
followed by several rounds of positional and temperature factor refine-
ment with loose NCS restraints, combined with manual rebuilding. About
200 water molecules were added. One of the water molecules in each
subunit, which interacts with an oxygen of the ribityl chain, corresponded
to strong electron density, refines to a low B-factor (ca. 5 Å) and may be
a metal ion. The final model consists of residues 1–385 for both mol-
ecules as there was no density for the remaining four residues. The
refined selenomethionine structure without water was subjected to simu-
lated annealing refinement against the native data set, followed by a
refinement procedure similar to that employed with the selenomethionine
structure. Difference density maps, 2Fo–Fc, were calculated for the
selenomethionine inhibitor-soaked data sets, followed by modeling of the
inhibitor into the resulting density. The refinement statistics and quality of
model indicators for all four structures are in Table 1.
Accession numbers
The coordinates of MSOX have been deposited with the Protein Data
Bank with accession code 1B3M.
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